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Chronic potassium depletion induces renal injury, salt sensitiv- Potassium is one of the most important electrolytes
ity, and hypertension in young rats. involved in cellular function, but potassium depletion is
Background. Chronic hypokalemia has been associated with also one of the most common medical conditions andrenal hypertrophy, interstitial disease, and hypertension in both
frequently complicates diuretic usage, vomiting, and con-adult animals and humans. However, the effects of potassium
ditions associated with hyperaldosteronism. Most fre-(K1) depletion on the rapidly growing infant have not been
well studied. The purpose of this study was to determine the quently, hypokalemia is asymptomatic, but chronically
effects of severe chronic dietary K1 depletion on blood pres- persistent potassium deficiency can be associated with
sure (BP) and renal structural changes in young rats. significant hemodynamic and renal structural changes.
Methods. Sprague-Dawley rats (50 6 5 g) were fed either
Epidemiologic studies, for example, have correlateda control or a potassium-deficient diet (,0.05% K1) for 14 to
diets low in potassium with an increased prevalence of21 days. At the end of this period, the blood pressure (BP) was
measured in all rats, and six rats in each group were sacrificed to hypertension [1–4]. However, while potassium supple-
determine changes in renal histology and renin-angiotensin mentation can usually be shown to lower blood pressure
system (RAS) activity. The remaining rats in each group were (BP) in human hypertension and in experimental models
then switched to a high-salt (6% NaCl)–normal-K1 (0.5%) diet
of hypertension [5, 6], dietary potassium depletion inor were continued on their respective control or K1-deficient
animals and humans has led to more conflicting results,diet for an additional six days. Blood pressure measurements
were done every three days until the end of the study. with some studies showing potassium depletion to in-
Results. K1-depleted animals had significant growth retarda- crease systemic BP [7–9] and other studies showing the
tion and increased RAS activity, manifested by high plasma opposite [10–12]. This suggests that the effects of potas-
renin activity, recruitment of renin-producing cells along the
sium on the control of BP may be variable dependingafferent arterioles, and down-regulation of angiotensin II recep-
on the experimental or clinical condition.tors in renal glomeruli and ascending vasa rectae. K1-depleted
kidneys also showed tubulointerstitial injury with tubular cell Potassium depletion may also cause renal structural
proliferation, osteopontin expression, macrophage infiltration, changes. Several studies have shown that potassium
and early fibrosis. At week 2, K1-depleted rats had higher systolic depletion can induce marked renal hypertrophy [13, 14],
BP than control rats. Switching to a high-salt (6% NaCl)–
and chronically, one can observe the development ofnormal-K1 diet resulted in further elevation of systolic BP in
interstitial fibrosis in both animals and humans [13]. Re-K1-depleted rats, which persisted even after the serum K1 was
normalized. nal cysts have also been reported to develop in potas-
Conclusion. Dietary potassium deficiency per se increases sium-depleted subjects in which primary or secondary
the BP in young rats and induces salt sensitivity that may hyperaldosteronism is present [14]. The importance of
involve at least two different pathogenic pathways: increased
these changes is debatable, as renal functional changesRAS activity and induction of tubulointerstitial injury.
appear to be minor, and the structural changes are thought
to be largely reversible on repletion of potassium.
However, the effects of potassium depletion may be1 Present address is Division of Nephrology, Department of Medicine,
Baylor University, Houston, Texas, USA. more severe in conditions in which there is rapid growth,
such as in young infants. Potassium depletion is not un-Key words: chronic hypokalemia, renal hypertrophy, interstitial dis-
ease, blood pressure, kidney development, renin-angiotensin system. common in such infants and may be observed in infants
and children treated with diuretics for hypertension,
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angiotensin system (RAS) [15–17] despite inhibiting al- cardiovascular and growth-related adverse effects in K1-
depleted young rats [19]. Thus, under the current experi-dosterone secretion by the adrenal gland [15, 18]. How-
ever, how these two opposing mechanisms affect BP and mental conditions, the salt-sensitivity BP response was
tested only after the K1 deficit was corrected.the renal structural changes has not been studied. The
purpose of this study was to determine the effects of severe
Blood pressure measurementschronic dietary potassium depletion on BP and renal
structural changes in young rats. Postweanling rats were Systolic arterial BP measurements were taken in con-
scious restrained rats using an automated system with asubjected to either a control or K1-deficient (,0.05%)
diet for a two- to three-week period. Subsequently, rats photoelectric tail-cuff [20]. Rats were first adapted to
the chamber by performing several measurements eachin both groups were switched to a high-salt (NaCl 6%)–
normal-K1 (0.5%) diet or were continued on their re- day. After the rats were preconditioned to the chamber,
the mean of three BP readings was collected. Animalsspective control or K1-deficient diets for an additional
six days. We report that potassium depletion rapidly were returned to their cages for approximately one hour,
and a second set of BP pressure readings was done asinduces activation of the RAS, with the induction of
severe renal injury and the development of salt-sensitive described before to confirm the initial results. This proce-
dure was repeated every three to seven days throughouthypertension, and the hypertension persists despite cor-
rection of the potassium deficit. These studies suggest the study period.
that chronic potassium depletion can increase the BP of
Biochemical analysisyoung rats and can induce significant injury to the kidney
within days; also emphasized is the need to treat hypoka- Blood was collected to measure the hematocrit (Hct)
as described before [15]. Plasma samples were collectedlemia in the rapidly growing infant.
in ice-cold heparinized tubes to measure plasma electro-
lytes, blood urea nitrogen, and creatinine using standard
METHODS
techniques as previously described [15, 18]. Sodium and
Experimental design potassium concentrations were measured using a KNA 2
sodium-potassium analyzer (Radiometer, Copenhagen,Male postweanling Sprague-Dawley rats, 50 6 5 g
body weight, were purchased from Harlan Sprague- Denmark). Ethylenediaminetetraacetic acid (EDTA)-
containing tubes were used to collect samples for theDawley (Indianapolis, IN, USA). Animals were housed
in a temperature-controlled room (248C) with a 12-hour measurement of plasma renin activity (PRA). PRA was
determined by radioimmunoassay [21]. All samples wereon/12-hour off lighting schedule. They were divided in
two groups of 18 rats each and were fed either a control collected at the time of sacrifice.
diet (Na1 0.3%, K1 0.5%) or a potassium-deficient diet
Renal histology and immunohistochemistry studies(Na1 0.3%, K1 , 0.05%) for 14 to 21 days. These diets
were similar in the composition of other major nutrients Methyl Carnoy’s fixed renal tissues were processed
and embedded in paraffin. Four micrometer sectionsand were obtained from ICN Nutritional Biochemical
(Cleveland, OH, USA). All rats were given food and were cut and stained either with the periodic acid-Schiff
reagent (PAS) or the Masson trichrome stain [22] towater ad libitum. Changes in body weight were measured
weekly. The BP was measured every three to five days determine the degree of renal injury. Immunohistochem-
istry studies were done as previously described [23] inthroughout the course of the study. After 14 to 21 days,
six rats in each group were sacrificed. Plasma was col- order to identify the following antigens: osteopontin
(OPN), with OP 199 a goat anti-rat OPN antibody (giftlected for biochemical analysis, and kidneys were har-
vested for histologic studies. Subsequently, all remaining of C. Giachelli, University of Washington, Seattle, WA,
USA), macrophages with ED-1, a monoclonal IgG1 torats in the control group were divided in two groups of
six rats each and fed either a normal diet (Na1 0.3%, K1 rat macrophages (Harlan, Bioproducts, Indianapolis, IN,
USA), and renin with an anti-rat renin polyclonal anti-0.5%) or a high-salt–normal-K1 diet: (Na1 6%, K1 0.5%)
for an additional six days. In a similar manner, all re- body [diluted 1:2500 in phosphate-buffered saline (PBS)
containing 3% bovine serum albumin (BSA); gift of Dr.maining rats in the potassium-deficient group were divided
in two groups of six rats each and were continued on the T. Inagami, Vanderbilt University, Nashville, TN, USA].
The specificity and characteristics of all these antibodiesK1-deficient diet (Na1 0.3%, K1 0.05%) or were placed
on the high-salt–normal-K1 diet (NaCl 6%, K1 0.5%) have been previously described [16, 23, 24]. As described
in previous studies [23, 24], the OPN and macrophagefor an additional six days. At the end of this period,
the experiment was terminated. Rats in the K1-deficient stainings were selected as markers of renal injury.
Cell proliferation was evaluated by using an antibodygroup were not switched to a high-salt–K1-deficient diet
to test their salt-sensitive BP response under K1-defi- to the proliferating cell nuclear antigen (PCNA) with a
PCNA kit (Zymed, South San Francisco, CA, USA)cient conditions, because salt loading induces significant
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according to the manufacturer’s instructions but using content of the total renal sections was determined by
the Bradford’s Coomassie blue method after scrapingaminoethylcarbazole as the chromogen. Briefly, tissue
the sections from the slides. The protein concentrationsections were heated twice for five minutes each in 0.01
in the specific renal areas used for receptor quantitationmol/L sodium citrate (pH 6.0) in a microwave oven (2450
was measured using the method of Miller, Curella, andmHz, 850 W) to augment antigen retrieval. Endogenous
Zahniser [25] as we have previously described [18]. Meanperoxidase activity was blocked by treating with 3%
optical density measurements per unit area were firstH2O2 in 100% methanol for 10 minutes. Sections were
obtained from the images of both standards and samples.treated according to the kit instructions and counter-
Mean optical density measurements from images of plas-stained with hematoxylin. All sections were examined
tic standards and their corresponding disintegrations perand scored independently by two investigators in a
minute (dpm) per mg of plastic standard were used toblinded manner.
generate standard curves by nonlinear fitting using a com-
puterized image processing and analysis program, ScionAngiotensin II receptor binding studies
Image (Scion, Frederick, MD, USA). These standardRenal sections were harvested and frozen immediately
curves were used to obtain dpm/mg of plastic standardin isopentane at 2308C and were stored at 2708C until
for the samples. Based on the experimental relationship
studied. Cross sections (20 mm) of the kidney were cut between plastic and protein standards [26], the dpm/mg
in a cryostat at 2188C, thaw mounted on gelatin-coated of plastic standard measured from the autoradiograms
glass slides, and dried overnight in a desiccator at 48C. were transformed to corresponding values of dpm/mg
Angiotensin II (Ang II) receptor subtypes were localized protein. After correcting for the specific activity of the
by autoradiography as we have previously described ligand, values of fmol per mg of protein were obtained.
[15, 18]. [125I-Sar1-Ile8]-Ang II (specific activity, 2200 Ci/ The apparent number of AT1 receptors was deter-
mmol; New England Nuclear Life Science Products, Bos- mined as the specific binding displaced by 10 mmol/L
ton, MA, USA) was used as the ligand. Tissue sections losartan, while that of AT2 receptors was determined as
were preincubated for 15 minutes in 10 mmol/L phos- the specific binding displaced by 0.1 mmol/L CGP 42112A.
phate buffer (pH 7.4) containing 120 mmol/L NaCl, 5
Renal injury/growth studiesmmol/L Na2EDTA, 0.005% bacitracin (Sigma Chemical
Co., St. Louis, MO, USA), and 0.2% proteinase-free BSA For each section, 50 glomeruli were examined. Tubulo-
(Sigma), followed by incubation for 120 minutes at 228C interstitial injury was graded (0 to 51) in a blinded manner
based on the presence of tubular cellularity, basementin fresh buffer containing the appropriate concentration
membrane thickening, dilatation, atrophy, sloughing, orof the ligand. After incubation, the sections were washed
interstitial widening as follows: 0, no changes present,four times for one minute each in fresh ice-cold 50
grade 1, ,10% tubulointerstitial changes present; grademmol/L Tris-HCl buffer (pH 7.6), followed by 30 seconds
2, 10 to 25% tubulointerstitial change involvement; gradein distilled water at 08C.
3, 25 to 50%, grade 4, 50 to 75%; and grade 5, 75 toTo characterize Ang II receptor subtypes, consecutive
100% tubulointerstitial changes, respectively [23]. Forsections were incubated with [125I-Sar1-Ile8]-Ang II (0.5
each renal section, the entire cortical and medullary re-nmol/L) and either 5 mmol/L Ang II (Research Biochem-
gions were evaluated, and a mean score per renal sectionicals International, Natick, MA, USA), 10 mmol/L angio-
was calculated. A second tubulointerstitial injury scoretensin II subtype 1 (AT1) receptor antagonist losartan (2-n-
was based on observations that OPN expression by injuredbutyl-4-chloro-5-hydroxymethyl-1-[29(1H-tetrazol-5-yl)bi-
tubules is a sensitive marker of tubulointerstitial injuryphenyl-4-yl-methyl]imidazole, potassium salt (Merck, Rah-
[23]. Utilizing computer-assisted image analysis softwareway, NJ, USA), or 0.1 mmol/L of the AT2 competitor (Optimas, v6.2; Media Cybernetics, Silver Springs MD,CGP 42112 (nicotinic acid-Try-N-benzyloxycarbonyl-
USA) and digitized images, the percentage of area occu-Arg-Lys-His-Pro-Ile-OH; Research Biochemicals Inter-
pied by OPN-positive tubules (including the entire cor-
national). tex and outer medulla, exclusive of glomeruli) was mea-
Sections were dried after washing and were exposed sured at 350, and the mean percentage area was
to Hyperfilm-[3H] (Amersham Corporation, Arlington calculated for each renal section [24]. The number of
Heights, IL, USA), along with 20 mm sections of [125I]- macrophages (ED-1–positive cells/mm2) in the cortex
labeled Micro-scale standards (Amersham). Film was and the medulla was also quantitated.
developed in a Kodak D-19 developer (Eastman Kodak,
Statistical analysisRochester, NY, USA) for four minutes at 48C and was
fixed in Kodak rapid fixer (with hardener) for four min- Results were expressed as mean 6 SEM, and signifi-
utes at 228C and was rinsed in water for 10 minutes. cance was analyzed by unpaired Student t tests or one-
The films with autoradiographic images of binding and way analysis of variance using the Newman–Keuls test.
standards were used to measure mean optical densities P values of less than 0.05 were considered statistically
significant.from the different areas of interest on the images. Protein
Fig. 3. Potassium depletion induces tubulointerstitial injury in youngFig. 1. Potassium depletion induces the recruitment of renin along the
rats. The renal medulla of representative renal sections from controlafferent arterioles. (A) A representative renal section from a control
(A) and potassium-depleted young rats (B) stained with trichromerat showing the typical normal distribution of renin in juxtaglomerular
Mason (light-blue color). Original magnification 3200.cells by immunohistochemistry. (B) A representative renal section from
a rat subjected to the K1-depleted diet showing the recruitment of
renin along the afferent arteriole. Original magnification of A and B
3400.
RESULTS
Hypokalemia-induced growth retardation
Postweanling rats were placed on a potassium-defi-
cient diet for 14 to 21 days. This resulted in the develop-
ment of marked hypokalemia (2.3 6 0.3 vs. 4.5 6 0.4
mEq/L, K1-depleted vs. controls, P , 0.001), whereas
serum sodium was not affected (136 6 1.2 vs. 139 6 0.9
mEq/L, K1-depleted vs. controls, P . 0.5). Rats fed
the potassium deficient diet for two to three weeks also
showed significant growth retardation. There was an ap-
proximately 20% reduction in food intake in K1-de-
pleted rats when compared with controls. This was asso-
ciated with a decreased daily weight gain when compared
with control animals, averaging 5 6 0.4 and 2.8 6 0.6 g
for control and K1-depleted rats, respectively (P , 0.05).
c
Fig. 4. Immunohistochemistry staining for proliferating cell nuclear
antigen (PCNA; brown color) in representative renal sections from
control (A) and potassium-depleted young rats (B). Original magnifica-
tion 3100.
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Table 1. Hematocrit (Hct), blood urea nitrogen (BUN), serum
creatinine (SCr), and plasma renin activity (PRA)
Control K1 depletion
Hct % 4160.8 4561.3a
BUN mg/dL 1362.6 1662.1
SCr mg/dL 0.460.04 0.560.07
PRA ng/mL/h 2.760.4 17.362a
Data are mean 6 SD.
a P , 0.05
At the end of this period, control animals weighed an
average of 142 6 7 g, and K1-depleted rats weighed
101 6 17 g (P , 0.05).
An increase in Hct was also observed in K1-depleted
rats (Table 1). These findings, in the absence of changes
in red cell mass and in the context of previous studies
[15–18], suggest the presence of extracellular volume
(ECV) contraction in K1-depleted rats. Renal function
was also slightly depressed in K1-depleted animals, al-
though these changes were not statistically significant.
Fig. 2. Quantitative autoradiography Ang II binding studies. (A and
B) Representative renal sections from control and potassium-depletedActivation of the renin angiotensin system in rats. Original magnification 310.
K1-depleted young rats
Plasma renin activity. PRA was sixfold greater in K1-
depleted rats as compared with controls (Table 1).
Tubulointerstitial injury. K1-depleted rats developedRenin immunohistochemistry. Consistent with the in-
marked tubulointerstitial injury that predominantly af-crease in PRA in hypokalemic rats, an increase in immu-
fected the epithelium of the collecting ducts of the outernoreactive renin was also observed in renal vessels of
medulla (Table 2). The injury was characterized by areasK1-depleted rats. Whereas in control rats renin staining
of tubular cell hypercellularity interspersed with tubularwas limited to the juxtaglomerular cells (Fig. 1A), in
dilation, atrophy, and cast formation. There were sub-K1-depleted rats, renin staining was also detected up-
stantial increases in Masson trichrome staining in inter-stream in the afferent arterioles (Fig. 1B).
stitial areas consistent with early fibrosis (Fig. 3). TubularAngiotensin II receptor binding. As shown in Figure
proliferation (PCNA staining) was prominent (Fig. 4),2, K1 depletion also induced a significant reduction in
as well as expression of OPN by tubules in the outerAng II receptor binding in the renal glomeruli, vasa recta
medulla and cortex (Fig. 5A, B). Osteopontin stainingbundles, and the inner zone of the outer kidney medulla
was predominantly detected in collecting ducts and med-(glomeruli, 250 6 9 vs. 176 6 12 fmol/mg protein, for
ullary thick ascending limb (mTAL) tubular epithelialcontrol and K1-depleted rats, respectively, P , 0.001;
cells. The greatest expression of OPN was detected inrenal medulla, 395 6 25 vs. 245 6 16 fmol/mg protein, for
the outer medulla and less so in the inner medulla. Thecontrol and K1-depleted rats, respectively, P , 0.001).
tubular hyperplasia in K1-depleted rats also preferen-These receptors were predominately type I Ang II recep-
tially involved epithelial cells from the collecting ductstors. These findings may be due to the activation of RAS
and less so from mTAL. A marked macrophage (ED-1–in K1-depleted rats, since Ang II seems to be the primary
positive cells) infiltration was observed, especially in thefactor modulating the number Ang II receptors expressed
outer medulla (Fig. 5C, D), in association with renalin the kidney [18]. No significant renal AT2 binding sites
tubules expressing OPN. In contrast to the tubularwere detected in both control and K1-depleted rats.
changes, glomeruli appeared normal (data not shown).
Renal structural changes induced by hypokalemia Control rats had no renal abnormalities.
Renal hypertrophy. There was no difference in abso-
Hypokalemic rats develop salt-sensitive hypertensionlute kidney weight between K1-depleted (0.71 6 0.04 g)
At the end of two to three weeks, systolic BP levelsand control (0.68 6 0.03 g) rats. However, when the
were significantly elevated in K1-depleted rats (114 6kidney weight was expressed as a percentage of the total
7.4* mm Hg) when compared with control rats (91 6body weight, this ratio was significantly increased in the
5.3 mm Hg) mean 6 SEM, respectively (*P 5 0.01;K1-depleted group (0.70 vs. 0.47%, K1 depletion vs.
controls, P , 0.05). Fig. 6). In order to determine whether the increase in
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Table 2. Renal histologic findings in potassium depleted baby rats
Control K1 depletion
Tubulointerstitial score in the cortex (0–51) 0.0560.10 0.0860.10
Tubulointerstitial score in the medulla (0.51) 0.1660.33 2.7660.75a
Cortical osteopontin % 0.8260.05 1.460.3
Medullary osteopontin % 1.460.3 3.460.5a
Cortical macrophages ED-1 positive cells/mm2 2163 2564
Medullary macrophages ED-1 positive cells/mm2 1562 231628a
PCNA positive cells in medulla hpf 1.560.4 1661a
Data are mean 6 SD.
a P , 0.05
Fig. 5. Tubular expression of osteopontin
(OPN), which is a sensitive marker of in-
jured tubules, was barely detected in con-
trols (A, 325 and 3100), but was markedly
up-regulated in tubules in the medulla of
potassium-depleted rats at two weeks (B,
325 and 3100). Macrophage infiltration, as
noted by ED-1 staining, was minimized in
the medulla of control animals (C, 3200)
but was marked in rats with hypokalemic
nephropathy (D, 3200).
BP was associated with salt sensitivity, rats were switched
to a normal or high-salt (6% NaCl)–normal-K1 (0.5%)
diet. Interestingly, K1-depleted rats showed a more
marked increase in BP on switching to a high-salt–
normal-K1 diet (155 6 14* mm Hg) compared with the
control rats subjected to the same diet (123 6 8.9 mm Hg)
mean 6 SEM, respectively (*P 5 0.01; Fig. 6). BP values
at the end of the six-day high-salt period were markedly
increased in the rats that were K1 depleted as compared
with controls, despite the fact that the K1 levels in these
rats had corrected back to the normal range (4.2 6 0.5
vs. 4.5 6 0.6 in previously K1-depleted vs. control rats,
respectively, P 5 NS). Histologic studies obtained at
the end of the study showed persistent tubulointerstitial
injury, although the expression of renin in juxtaglomeru-
Fig. 6. Blood pressure values in the four groups of rats at the end of
lar cells and renal arterioles (data not shown) and PRA two to three weeks. Groups were defined as: Control, rats subjected to
the control diet for a period of three weeks as described in the Methodslevels were now equally suppressed in both control (2.7
section; LK, rats subjected to the potassium-deficient diet for a period(0.4 ng/mL/hour) and K1-depleted animals switched to
of three weeks; Control 1 HS, rats subjected to the control diet for
the high-salt–normal-K1 diet (2.3 (0.5 ng/mL/hour, P 5 two weeks and then switched to a control high-salt (6% Na1)–normal-
K1 (0.5%) diet for six additional days; LK 1 HS, rats subjected to theNS). In a similar manner, no differences were detected
potassium-depleted diet for two weeks and then switched to a controlin Hct values between controls (41 6 0.8%) and K1-
high-salt (6% Na1)–normal-K1 (0.5%) diet for six additional days. BP
depleted rats switched to the high-salt–normal-K1 diet values were taken at the end of each period. *P , 0.05 when compared
with control group. **P , 0.05 when compared with all other groups.(42 6 0.6%, P 5 NS). Finally, when rats subjected to the
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K1-deficient diet for two weeks were switched to a nor- for salt and K1 since these electrolytes are needed for
tissue growth. In contrast, plasma volume may be actu-mal diet (Na1 0.3%, K1 0.5%) for one week, their BP
(96 6 7 mm Hg) was not significantly different from that ally increased in adult K1-depleted rats [30].
Hypokalemic rats also showed evidence for stimula-of the control rats fed with the same normal diet (91 6
5.3 mm Hg) mean 6 SEM, respectively (P 5 NS). tion of the RAS, with increased PRA, increased renal
renin content, and decreased Ang II receptor binding in
glomeruli and in vasa rectae. Hypokalemia has been
DISCUSSION
previously reported to stimulate renin secretion despite
Several studies in human and rodents have shown that suppressing aldosterone synthesis [15, 32, 33], indepen-
changes in dietary potassium intake have significant ef- dent of the ECF volume status [30, 34]. This mechanism
fects on BP [1–10]. However, this BP response of adult involves a direct stimulation of renin-secreting cells in
humans and rodents to changes in potassium balance the juxtaglomerular apparatus and is mediated by the
varies greatly according to the clinical or experimental renal vascular receptor [34]. In our study, ECF volume
conditions [6–12]. Consequently, there is controversy in contraction may also be contributing to the increased
relation to the specific effects of potassium depletion PRA. We and others have reported that PRA activity
on BP control. Even less is known about the effect of is markedly influenced by subtle changes in sodium in-
potassium depletion on BP in infants. The requirements take and ECF volume in young rats [35, 36]. We do
of K1 and other electrolytes are increased during this not think that malnutrition or growth retardation per se
period of rapid growth [27–29], and the infants’ growth could explain the changes observed in PRA, and renal
rate is sensitive to subtle changes in electrolyte intake Ang II receptors in K1-depleted rats. In previous studies
and extracellular fluid volume status. Therefore, we ex- [15, 18, 27], we have shown that young rats subjected to
amined the effects of chronic dietary potassium depletion approximately a similar reduction in food intake, but
on BP using young rats as a model system to mimic given adequate quantities of K1, Na1, and Cl2, do not
the clinical situation frequently encountered in rapidly develop significant changes in PRA and/or Ang II recep-
growing infants. We found that a two- to three-week tors. Moreover, growth retardation can ameliorate the
period of dietary potassium restriction induces an in- development of hypertension in spontaneously hyper-
crease in the BP of young rats that appears to involve tensive rats (SHR) [37].
at least two different pathogenic mechanisms: activation Hypokalemia had profound effects on renal structure
of the RAS and induction of renal tubulointerstitial in- in young rats. As has been previously reported [13, 14,
jury. Furthermore, we found that the hypertension in- 38], hypokalemic rats developed renal hypertrophy and
duced by potassium-depletion is salt sensitive. hyperplasia, which are thought to be mediated by various
Our first observation was that potassium depletion growth factors, including insulin-like growth factor-1 [14,
resulted in an impaired growth, elevation of Hct, and 39–41], and which were reflected in our study by the
stimulation of the RAS. In young rats, the increased Hct increase in kidney weight/body weight ratio and in the
in the absence of changes in red cell mass suggests the number of PCNA-positive tubules. Consistent with pre-
presence of extracellular fluid (ECF) volume contrac- vious reports that hypokalemia can induce renal fibrosis
tion. Although in the absence of ECF volume measure- [13], we observed macrophage infiltration and interstitial
ments this should be considered speculative, several collagen deposition (as shown by the Masson trichrome
findings support the possibility that chronic dietary K1 stain). In addition, there was a marked up-regulation of
deficiency may induce volume contraction in young rats. a macrophage adhesive protein, OPN in the medulla.
First, in the presence of severe K1 restriction, there is Moreover, OPN was specifically up-regulated in renal
movement of some extracellular sodium into cells to tubules undergoing hyperplastic changes and in renal
maintain electroneutrality [19]. Second, the presence of areas showing a significant recruitment of macrophages.
malnutrition and decreased food intake may lead to a The mechanism for the development of the fibrosis is
negative sodium balance. Third, hypokalemia-induced unclear, but may relate to the activation of the RAS with
diarrhea may also contribute to the presence of ECF intrarenal vasoconstriction, leading to ischemia and/or
volume contraction. However, in our study, none of the direct stimulation of transforming growth factor-b syn-
K1-depleted rats developed diarrhea during the initial thesis by local Ang II [16, 42]. Tolins, Hostetter, and
two- to three-week period of K1 restriction. Fourth, K1 Hostsetter showed similar histologic findings in an adult
depletion impairs sodium chloride reabsorption in the rat model of hypokalemic nephropathy, and suggested
thick ascending limb [30] and may cause renal chloride that intrarenal complement activation secondary to ami-
wasting by decreasing the number of chloride transport- dation of C3 may be an important pathogenic factor in
ers in renal tubules [31]. In addition, young rats are more this process [43]. However, more studies are needed to
sensitive than adult rats to changes in dietary K1 and determine whether similar pathogenic mechanisms are
involved in young K1-deficient rats.salt intake. Growing rats have a greater absolute need
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N-benzyloxycarbonyl-Arg-Lys-His-Pro-Ile-OH; dpm, disintegrationsAn important finding in the present study was that
per minute; ECF, extracellular fluid; ECV, extracellular volume;
the K1-depleted rats developed an elevation of systemic EDTA, ethylenediaminetetraacetic acid; mTAL, medullary thick as-
cending limb; OPN, osteopontin; PAS, periodic acid/Schiff reagent;BP within two weeks. The reason that K1-depleted rats
PBS, phosphate-buffered saline; PCNA, proliferating cell nuclear anti-showed BP elevation despite an ECV contraction is not
gen; PRA, plasma renin activity; RAS, renin-angiotensin system;
clear. However, it is possible that the activation of the TGF-b, transforming growth factor-b.
RAS initiates the hypertensive response, whereas the
structural and functional changes of the kidney may serve REFERENCES
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